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Scientific Workflow Analytics: Distributed, Data-intensive
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§ Belle II Workflow: Extensive data analysis
§ Data! 25 PB/year of raw data

• Stored data expected to reach 350 PB

§ Big Data + Big Compute
• Data movement & storage
• Large working sets
• Non-streaming accesses
• Heterogeneous hardware

Data movement
Resource contention
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Observation, Analysis & Acceleration for Workflows
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Challenge • Data movement bottlenecks
• Heterogenous hardware
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Belle II MC-Sim: Geographically Distributed Analytics
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§ Belle II Workflow: Extensive data analysis
§ Monte Carlo Sim: Big Data + Big Compute

• Many logically independent tasks

• Read intensive: inputs >> outputs
• Simple data/file consistency: no read/write mode
• Non-streaming accesses
• Some inputs may be common
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Our experimental configuration:
• Each task: 16 KiB remote data per 2.5 ms
• Campaign: 48 Gb/s (6.0 GB/s)
• Two clusters: two 1 Gb/s WAN links
• Five node types
• Four remote sites: 2x PNNL, NERSC, ORNL
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TAZeR: Transparent Asynchronous Zero-copy Remote I/O
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Challenge: Remote I/O blocks task,
consumes space, bottlenecks data movement

Overlap
I/O & task
• read 

prefetching
• write 

buffering

• Transparent
• Increases reuse

• Increases scaling
• Reduces blocking
• Increases bandwidth

TAZeR…

Distributed, bandwidth-aware staging
• controls staging capacity
• captures inter-task locality (spacial & temporal)
• asynchronous, bandwidth-aware updates
• exploits emerging storage technology
• scales (introduces no centralization)

Soft zero copy transfer
• directly to memory
• ensure minimum

transfer latency
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Vary Methods for Remote I/O: Overview
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FTP (current)

goal↓

XRootD

TAZeR
optimal

Relative Time

With TAZeR:
• ↓ data moved
• ↓ network
• ↓ disk

• FTP – current 
• Copy input files (24) to local disk
• Transfer all data
• Blocking

• Local – “optimal” 
• Data already present

• TAZeR: 22×/12× faster 
than FTP/XRootD

• within 7% of optimal

• XRootD: State of the art
• per task staging (1-4GiB)
• Unbounded cluster filesystem 

staging
• Same remote sites
• Version 4.9.1

• TAZeR
• L1 – 64MiB private mem
• L2 – 16GiB shared mem
• L3 – unbounded cluster filesys
• L4 – remote data sites
• 1MiB-sized blocks

Suetterlein, Friese, Tallent, and Schram, “TAZeR: Hiding the cost of remote I/O in distributed scientific workflows” BigData 2019
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Vary Methods for Remote I/O: Execution Time
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lower is better

XRootD
FTP

TAZeR Optimal

Blue is compute. 
Everything else is 

data transfer 
overhead.

TAZeR is
• 22x < FTP
• 12x < XRootD
• 7% > Optimal

With TAZeR:
• ↓ moves
• ↓ NW
• ↓ disk

goal↓

Feedback to 
Belle II/KEK

Disk dominates Net dominates Net dominates

Disk still a factor Disk still a factor
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Vary Methods for Remote I/O: Breakdown of Read Time
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XRootD
FTP

TAZeR

Optimal

Blue is average 
access time for

task I/O
Other colors 

(and intensity) 
is percent a task 

waits per resource

Limited benefit from 
per task staging (no 
inter-task reuse)

Aggregation: ↑ Net BW 

Cluster staging: ↑ Net BW 

Staging: ↓ accesses 
to slow resources 
(high inter-task reuse)

high disk contention

Consistent disk 
performance

goal↓



PNNL

58⇥
<latexit sha1_base64="WzhCNJCgz5w6W2v2CJbrzR2U79E=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgqiTWR90V3bisYB/QhjKZTtqhk0mcmQgl9CfcuFDErb/jzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yXXqdx6oVCwUd3oaUTfAI8F8RrA2Uves3tcsoGpQrthVOwNaJE5OKpCjOSh/9IchiQMqNOFYqZ5jR9pNsNSMcDor9WNFI0wmeER7hgpslrhJdu8MHRlliPxQmhIaZerPiQQHSk0Dz3QGWI/VXy8V//N6sfbrbsJEFGsqyHyRH3OkQ5Q+j4ZMUqL51BBMJDO3IjLGEhNtIiplIVymOP9+eZG0T6pOrVq7Pa00rvI4inAAh3AMDlxAA26gCS0gwOERnuHFureerFfrbd5asPKZffgF6/0LwNeP7A==</latexit>

a
<latexit sha1_base64="F2D/FvNhHLsAPKNyXxvNekAF7Nw=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4CjMqLregF48JmAWSIfR0apI2PQvdPUII+QIvHhTx6id582/smQyixgcFj/eqqKrnxYIrbdufVmFpeWV1rbhe2tjc2t4p7+61VJRIhk0WiUh2PKpQ8BCbmmuBnVgiDTyBbW98k/rtB5SKR+GdnsToBnQYcp8zqo3UoP1yxa7aGcgicXJSgRz1fvmjN4hYEmComaBKdR071u6USs2ZwFmplyiMKRvTIXYNDWmAyp1mh87IkVEGxI+kqVCTTP05MaWBUpPAM50B1SP110vF/7xuov1Ld8rDONEYsvkiPxFERyT9mgy4RKbFxBDKJDe3EjaikjJtsillIVylOP9+eZG0TqrOafW0cVapXedxFOEADuEYHLiAGtxCHZrAAOERnuHFureerFfrbd5asPKZffgF6/0L3CWNHA==</latexit>b

<latexit sha1_base64="ni1QeVl+hnHA1hHN1+3JM7mohf4=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4CjMqLregF48JmAWSIfR0apI2PQvdPUII+QIvHhTx6id582/smQyixgcFj/eqqKrnxYIrbdufVmFpeWV1rbhe2tjc2t4p7+61VJRIhk0WiUh2PKpQ8BCbmmuBnVgiDTyBbW98k/rtB5SKR+GdnsToBnQYcp8zqo3U8Prlil21M5BF4uSkAjnq/fJHbxCxJMBQM0GV6jp2rN0plZozgbNSL1EYUzamQ+waGtIAlTvNDp2RI6MMiB9JU6EmmfpzYkoDpSaBZzoDqkfqr5eK/3ndRPuX7pSHcaIxZPNFfiKIjkj6NRlwiUyLiSGUSW5uJWxEJWXaZFPKQrhKcf798iJpnVSd0+pp46xSu87jKMIBHMIxOHABNbiFOjSBAcIjPMOLdW89Wa/W27y1YOUz+/AL1vsX3amNHQ==</latexit>

Vary Ratio of Staging to Footprint
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TAZeR exploited read reuse
• 4K tasks, 5 BG sets

Vary ratio of cache to total footprint ≈
Vary ratio of tasks to unique input sets

Cluster-shared (v. node-shared)
• gentler slope
• fewer network transfers
• extracts more reuse

goal↓

What happens when reuse changes?

ß less cache;
more unique 

inputs

Cluster-shared iso-performance 
(aàb) with node-shared, but:
• 3x smaller staging area
• 3x more unique inputs

Next: adaptivity; scaling mutexes

(Fixed 1:2 

size:footprint)
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Geomancy: Adjust Data Layout To Improve Throughput
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§ Data layout (storage) significantly affects performance
§ layout = map of files to storage system/devices

§ Adjusting data layout can
• tailor mapping for varying workloads

o I/O access model, intensity, access patterns
• avoid congestion from other workloads
• avoid failures (storage) & misconfigurations (nw link)

§ Geomancy uses reinforcement learning
• monitor I/O activity and data layout
• model performance (throughput)
• predict performance during next window
• select and realize new layout

O. Bel, et al. “Geomancy: Automated Performance Enhancement through Data Layout Optimization” MSST 2020.

Geomancy architecture

Control
Agent

Monitor
Agent
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Comparing Geomancy with Layout Heuristics
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Geomancy: 11% over LFU

Geomancy v. Rand/Dyn
• >20%
Geomancy v. Static
• higher performance
• lower variation

6 hours

Data is moved every 5 runs

LFU: Least frequently used…
LRU: Least recently used…
MRU: Most recently used…

file to slowest

LFU, 4.5

MRU
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LRU, 4.4
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Adjusting layouts dynamically results in 
more consistent and higher performance

Geomancy learns:
• indicators of read contention
• RAID-5 has different read/write speeds

Belle II MC WorkloadGeomancy v. Heuristics Geomancy v. Baselines
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What performance is possible when varying I/O parameters?
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Intensity
Change I/O per work
• Data reducers
• Work aggregation

Irate
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Data Uses
Tasks reuse data for 
write-once read-many

Iuse
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Access Pattern
• Data layout for I/O spatial locality
• Regular accesses for prefetching

Ipat
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Locality-aware
Ensembles & chunking for 
temporal I/O locality
• I/O-aware access/schedules
• In-situ computation

Iloc

<latexit sha1_base64="avl4Eni+uQQkRX1BbKoQv96AnLE=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIrkoiBR+rghvdVbAPaEKZTCft0EkmzNyIJcSNv+LGhSJu/Qt3/o2TNgttPXDhcM693HuPH3OmwLa/jdLS8srqWnm9srG5tb1j7u61lUgkoS0iuJBdHyvKWURbwIDTbiwpDn1OO/74Kvc791QqJqI7mMTUC/EwYgEjGLTUNw/cEMOIYJ7eZH0X6AOoIOWCZH2zatfsKaxF4hSkigo0++aXOxAkCWkEhGOleo4dg5diCYxwmlXcRNEYkzEe0p6mEQ6p8tLpB5l1rJWBFQipKwJrqv6eSHGo1CT0dWd+r5r3cvE/r5dAcO6lLIoToBGZLQoSboGw8jisAZOUAJ9ogolk+laLjLDEBHRoFR2CM//yImmf1px67eK2Xm1cFnGU0SE6QifIQWeoga5RE7UQQY/oGb2iN+PJeDHejY9Za8koZvbRHxifP5/kl6U=</latexit>

Runtime
• Baseline:

copy in/out
• Optimal:

pre-staged

Irt

<latexit sha1_base64="jr2ECkQZaaDVnVqwBJ8Jszi+0g8=">AAACAHicbVDLSsNAFJ34rPUVdeHCTbAIrkoiBR+rghvdVbAPaEKYTCft0MkkzNyIJWTjr7hxoYhbP8Odf+OkzUJbD1w4nHMv994TJJwpsO1vY2l5ZXVtvbJR3dza3tk19/Y7Kk4loW0S81j2AqwoZ4K2gQGnvURSHAWcdoPxdeF3H6hULBb3MEmoF+GhYCEjGLTkm4duhGFEMM9uc98F+ggqzCTkvlmz6/YU1iJxSlJDJVq++eUOYpJGVADhWKm+YyfgZVgCI5zmVTdVNMFkjIe0r6nAEVVeNn0gt060MrDCWOoSYE3V3xMZjpSaRIHuLM5V814h/uf1UwgvvIyJJAUqyGxRmHILYqtIwxowSQnwiSaYSKZvtcgIS0xAZ1bVITjzLy+SzlndadQv7xq15lUZRwUdoWN0ihx0jproBrVQGxGUo2f0it6MJ+PFeDc+Zq1LRjlzgP7A+PwB686XQw==</latexit>

In progress


